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1st scenario: Clean feed 
 
Ni-0Fe Ni-10Fe 
 A Langmuir-Hinshelwood model, proposed by Xu and Froment has been used.  
𝐼 ∶  𝐶𝐻4 + 𝐻2𝑂        𝐶𝑂 + 3𝐻2 
𝐼𝐼 ∶  𝐶𝑂 + 𝐻2𝑂         𝐶𝑂2 + 𝐻2 
𝐼𝐼𝐼 ∶  𝐶𝐻4 + 2𝐻2𝑂        𝐶𝑂2 + 4𝐻2 
𝐷𝐸𝑁 = 𝐾𝐶𝐻4𝑃𝐶𝐻4 + 𝐾𝐶𝑂𝑃𝐶𝑂 + 𝐾𝐻2𝑃𝐻2 +
𝐾𝐻2𝑂𝑃𝐻2𝑂
𝑃𝐻2
 
Xu, J. G. and G. F. Froment (1989). "Methane Steam Reforming, Methanation and Water-Gas Shift .1. Intrinsic Kinetics." Aiche Journal 
35(1): 88-96.  
The corresponding rate equations are: 
𝑟1 =
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 KCH4 and KH2O were chosen because they describe the chemisorption behavior of the 
reactants on the catalyst and can be considered as catalyst descriptors 
Catalyst 𝑲𝑯𝟐𝑶 × 𝟏𝟎
𝟓 𝑲𝑪𝑯𝟒 × 𝟏𝟎
𝟐(KPa-1) 
JM002 1.48 2.42 
10Ni-5Fe/MgAl2O4 1.48 2.42 
19Ni-10Co /10MgAl 1.48 2.42 
Rh/15MgAl 0.17 ± 0.09 2.42 
19Ni/15MgAl 0.20 ± 0.10 2.42 
18Ni-4Rh-1.2B/15MgAl 0.17 ± 0.08 2.42 
19Ni-10Re/10MgAl      1.48  2.42 
19Ni-1.5B/15MgAl 1.48 2.42 
19Ni-1.5Rh/15MgAl         0.213  ± 0.09  2.42 
1st scenario: Clean feed 
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2nd scenario: H2S as a contaminant 
 
 The intrinsic rate expression of a poisoned catalyst is compared to sulfur free 
catalyst rate by: 
𝑅𝑠𝑝 = 𝑅𝑠𝑝
0 · (1 − 𝜃𝑠)
𝑛 
 The heat of adsorption is described by the Temkin isotherm: 
∆𝐺𝑎𝑑𝑠 = ∆𝐻𝑎𝑑𝑠 − 𝑇∆𝑆𝑎𝑑𝑠 = 𝑅 · 𝑇 · 𝑙𝑛
𝑝𝐻2𝑆
𝑝𝐻2
 
−∆𝐻𝑎𝑑𝑠 = −∆𝐻0,𝑎𝑑𝑠 · (1 − 𝑎 · 𝜃𝑠) 
• Different values of n where examined and n=3 had the best agreement with the 
experimental results 
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 The chemisorption of sulfur on metal surface (Me) occurs according to: 
H2S + Me         Me-S + H2 
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      Catalyst −∆𝑯𝟎,𝒂𝒅𝒔(
𝒌𝑱
𝒎𝒐𝒍
) Θs (coverage) No. of experiments 
18Ni-4Rh-1.2B/15MgAl 188± 15 0.67 4 
19Ni-1.5Rh/15MgAl 223± 57 0.75 4 
19Ni-10Re/10MgAl 250± 68 0.81 4 
19Ni-1.5B/15MgAl 258± 79 0.83 1 
JM002 230± 76 0.90 1  
19Ni-10Mo/10MgAl 274± 25 0.87 4 
19Ni-10Co /10MgAl 284± 66 0.89 4 
10Ni-5Fe/MgAl2O4 286± 75 0.89 4 
Table: Estimated heat of adsorption for H2S per catalyst for α=0.68± 0.07 and ΔS= -19 J/(mol·K) 
2nd scenario: H2S as a contaminant 
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• The model is adequately predicting the experimental observations 
• The tri-metallic 1.2B-18Ni-4Rh catalyst was the best candidate showing the enhanced 
performance and resistance towards sulfur poisoning  
2nd scenario: H2S as a contaminant- Performance curve 
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• Monometallic Ni or the combination of Ni with other transition metals i.e Re, Mo, Co 
or Fe did not improve the resistance of catalyst towards sulfur poisoning. 
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3rd scenario: Tars as a contaminant 
One-lump model was used to date for tar elimination: 
 All tar components of the same structure (one-ring, two-rings etc.) are grouped in one 
lump 
The overall rate of tar disappearance are given by the sum of the rates of all the 
elementary individual reactions involved in the network: 
𝐷𝐸𝑁 = 𝐾𝐶𝐻4𝑃𝐶𝐻4 + 𝐾𝐶𝑂𝑃𝐶𝑂 + 𝐾𝐻2𝑃𝐻2 +
𝐾𝐻2𝑂𝑃𝐻2𝑂
𝑃𝐻2
 + 𝐾𝑡𝑎𝑟𝑃𝑡𝑎𝑟  
𝑟𝑡𝑎𝑟 =
𝑘𝑎𝑝𝑝 · 𝐶
𝑚
𝑡𝑎𝑟
𝐷𝐸𝑁2
 
While the denominator accounting for tar adsorption becomes: 
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Toluene as tar model compound: Performance curves 
 Rh-based catalyst: red line and points  
(A) 
(B) 
(C) 
 Ni-based catalyst: green line and points  
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Naphthalene as tar model compound: Performance curve 
(A) 
(B) 
(C) 
 Rh-based catalyst: red line and points  
 Ni-based catalyst: green line and points  
9/12 
SINTEF Materials and Chemistry EU project, FP7-NMP:  FAST industrialisation by CAtalysts Research and Development 
Coordinator:  SINTEF 
2nd generation catalyst Ni-B-Rh: Effect of C14H10 
 
• The experimental data obtained from CNRS at five different temperatures, in the range 
of 850oC-900oC, containing  phenanthrene as a tar model compound 
 The model adequately predicts the experimental observations 
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2nd generation catalyst Ni-B-Rh: Combined effect (H2S + tars) 
 • The same model that was developed in order to independently account for the effect 
of H2S and tars, is used for the combined effect 
 The model can predict the trend of the experimental observations 
 Absence of data in the intrinsic kinetics regime 
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Table: activation energies for the tar model compounds studied during steam reforming 
over two catalysts. 
 The Rh-based catalyst has lower apparent activation energy than Ni-based for all the 
studied tar model compounds. 
 Rh-based catalysts found to perform better than Ni-based catalysts, regarding the 
elimination of tars, especially at elevated temperature.  
Catalyst 
      Toluene Naphthalene       Phenanthrene 
Ab Eapp A
a Eapp A Eapp 
Ni-based (11.4wt%Ni) 3·1013 146 ± 9.0 2·1011 316 ± 41.0 No data No data 
Rh-based (1wt%Rh) 3·1013 131 ± 13.7 3·1010 259 ± 45.0 3·109 
Could not be 
significantly estimated 
Thermal cracking  - 250-356 - ~350 - - 
Conclusions 
 The combination of Ni, Rh and B showed the best resistance against sulfur poisoning. 
a: calculated, b: obtained from literature  
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 A kinetic model that adequately describes the experimental observations was 
developed in order to be further included in a reactor model. 

